The ability to quantify surface mechanical properties is valuable for assessing the quality of thermal spray coatings. This is especially important for prostheses where loading is placed directly on the surface. Hydroxyapatite was classified to small (20-40 μm), medium (40-60 μm) and large (60-80 μm) particle sizes and thermal sprayed to produce a coating from spread solidified hydroxyapatite droplets. It was revealed for the first time, that nanoindentation can be successfully used to determine the hardness and elastic modulus on the surface of well spread solidified droplets at the hydroxyapatite coating surface. Comparison with indentation results from polished cross-section exhibited comparable values and statistical variations. The hardness was 5.8 ± 0.6, 5.4 ± 0.5 and 5.0 ± 0.6 GPa on coatings produced from small, medium and large sized powder. Similarly, the elastic modulus decreased from 121 ± 7, 118 ± 7 to 114 ± 7 GPa, respectively. Use of several indentation loads gave comparable results with sintered hydroxyapatite suggesting good inter-splat bonding within the coating. MicroRaman spectroscopy and X-ray diffraction confirmed a larger degree of dehydroxylation for the smaller particles also revealing a lower elastic modulus. This shows the influence of particle size and possibly dehydroxylation of hydroxyapatite on the mechanical properties of the coating surface.
Introduction
Micro-and nano-indentation is a sensitive probing tool and is increasingly being used to reveal the mechanical properties of thin films [1, 2] , coatings [3] [4] [5] [6] and composite materials [7] [8] [9] . In these studies, indentations are performed on flat surfaces or well-polished cross-sections. Ideally, in a nanoindentation experiment, the flat surface of a sample is mounted perpendicular to the tip of the indenter. Mechanical properties can then be determined from the loading-unloading curve. Indentation with a spherical indenter has shown that test sample roughness has a negligible effect on hardness if the depth of penetration (macroscopic deformation) is much greater than the surface roughness [10] . The scatter of indentation test results is small with flat polished or rapidly solidified melt surfaces.
Commercial samples of thermally sprayed hydroxyapatite (HAp) coatings on metals are not flat, but consist of a collection of wellformed flattened solidified droplets, splashed solidified droplets and possibly unmelted particles [11, 12] . This presents a surface with a range of topographical features that do not satisfy the requirement for nanoindentation. A large scatter in data is then expected, which depends on the topography at the indentation location. Thermal spray coatings can consist of a range of deposited particle geometries but the following will only focus on spread solidified droplets, referred to as "splats" in the thermal spray community. Randomly placed indentations will make contact at a random position on a solidified droplet, i.e. at the centre or on the edge of solidified droplets presenting different surface angles to the indenter. A deviation from 90°will introduce large variations in the reported mechanical properties [13] .
A large particle size distribution is usually used for thermal spraying. This typically leads to different degrees of melting for each injected particle. A refinement of the coating properties is possible by control of in-flight particle temperature and deposition thermal history. Slower particle speed in the flame can achieve total melting and a preheated substrate support the formation of a well-flattened solidified droplet without any splashing. The selection of a smaller particle size range will also provide an avenue to control particle heating uniformity and the temperature to which the particle can be heated. The coating surface can be made more uniform with a consistent feature across the entire surface when droplets are deposited with a flattened shape. An additional benefit lies in the control of coating microstructure throughout the coating.
The surface of a HAp coated biomedical implant interacts with the body environment and so there is a need to directly evaluate the mechanical properties of the as-sprayed coated implant surface. Such testing is more insightful than the traditional bond strength test that just gives a quantitative measure of the bonding within the coating 
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Published work has revealed the influence of spray parameters i.e. spray distance, preheating temperature, particle velocity, angle of spraying, etc. and feedstock morphology on mechanical properties [14] [15] [16] . This report will reveal whether it is possible to perform indentation on well spread solidified droplets as a means of assessing the surface of these coatings. A comparison will be made with mechanical properties obtained from the cross-section of the same coatings. Three different HAp particle sizes (20-40 µm, 40-60 µm and 60-80 µm) will be used to assess different flattened solidified droplet characteristics.
Experimental procedures

Sample preparation
The titanium (Ti) substrate was prepared by grinding on silicon carbide abrasive paper # 320 for 1 min at a speed of 300 rpm, followed by fine grinding on an MD-Largo surface for 4 min using DiaPro Allegro (Struers) as the lubricant. Final polishing involved 0.04 μm colloidal silica on an MD-Chem cloth for 5 min. Titanium substrates were mounted in a mechanical fixture and coatings made with a Metco 5P flame spray torch (Sulzer Metco, Wohlen, Switzerland). The spray dried powder supplied by CAM Implants was classified by wet sieving to three different particle sizes (20-40, 40-60 and 60-80 μm), dried, re-sieved and then fed into the flame spray torch to be completely molten. The degree of melting was adjusted by spraying at different spray distances onto a glass slide. Titanium was preheated to 100°C with the flame spray torch to produce a rounded disk shape without splashing.
Surface morphology and topography
The HAp coating surface was observed with an XL30 Philips scanning electron microscopy at 20 kV. Samples were sputter coated with gold before examination. Despite the ability to observe flattened droplets with scanning electron microscopy, little information is available on the profile. The MicroMaterials nanoindenter is equipped with a profilometry tool. A spherical indenter, with a 10 μm conical tip radius, was rastered across a solidified droplet for a distance of 0.5 µm using a load of 0.05 mN to assess the flatness of the solidified droplet.
Raman spectroscopy
The calcium phosphate phase was detected using microRaman spectroscopy with a Raman Renishaw RM1000 micro spectrometer. Microstructural features were identified on a microscope with a 100× microscope objective. Analyses were conducted with an excitation wavelength of 514 nm at a spectral resolution of 1 cm . To ensure the reliability of data, a few different positions on the top surface and HAp powder were randomly tested.
X-ray diffraction
The coating samples were analysed using grazing incidence X-ray diffraction (GIXRD), Panalytical X'Pert, Cu-Kα radiation at 40 kV and a current of 30 mA. The diffracted signal was collected over a two-theta range of 20°-70°with the step size of 0.02°through a fine slit. The incident beam was fixed from the source at 2°relative to the sample surface, with an X'Pert position sensitive detector (PSD) and collimating slits.
Nanoindentation
Nanoindentation was performed using the Nano Test instrument (Micro Materials Ltd. Wrexham, UK), a pendulum-based depthsensing system. The load is applied electromagnetically in a horizontal direction to the sample that is fixed to a vertical surface. A Berkovich indenter, a three-sided pyramid, with a face angle of 65.3°was used. Indentations were made up to loads of 25, 50, 150 and 300 mN. For the calibration of the area function, Depth-sensing indentation (DSI) tests were carried out on a fused silica specimen with a Poisson's ratio of 0.17. Fused silica is usually chosen as a reference sample, since its mechanical properties are independent of penetration depth. Details of experiments and calibration of the area function are mentioned elsewhere [3] .
The constancy of the elastic modulus at a range of indentation depths confirmed a correct calibration. Calculation of the elastic modulus required the value of Poisson's ratio. In the present study, the elastic modulus of HAp was calculated with a Poisson's ratio of 0.28 [17] .
Results and discussion
Nanoindentation tests were performed using four different loads. Two in the low-load range, namely 20 mN and 50 mN, and two in the high load range, 150 mN and 300 mN. Approximately 10 indentations were made at the approximate centre of each droplet to ensure that indentations were made on an approximately flat surface and perpendicular to the indenter tip. Scanning electron microscopy micrographs show solidified spread droplets from flame spraying 20-40, 40-60 and 60-80 μm powder, Fig. 1 .
Topography
The topographic image shows a 4 μm vertical displacement from the base to the top of a 60 micron wide flattened solidified droplet produced from the 20-40 μm powder, Fig. 2 . The central area is about 40 μm wide where the vertical displacement varies by less than 0.5 μm. It is difficult to determine whether this vertical displacement is associated with the unevenness of the underlying coating, or whether this droplet has not completely flattened. Droplet flattening would be more easily ascertained by depositing a single droplet onto a flat polished surface. The use of a conical tip indenter is limited to measuring vertical displacements of areas separated by more than the diameter of the sphere cone diameter and will not provide good resolution. More detailed assessment of the splat topography requires a sharper probe such as the stylus/tip in a profilometer or an atomic force microscope.
Coating structure
Two narrow peaks, 949 and 963 cm − 1 , appeared in the microRaman spectra of the three different coatings, Fig. 3a . The sharp peak at 963 cm − 1 is close to 960 cm
, found in sintered hydroxyapatite. However, the narrow band at 949 cm − 1 could be oxyapatite or a contribution from oxyhydroxyapatite [3] . Further work needs to be conducted to precisely determine the shape of the doublet with dehydroxylation.
X-ray diffraction revealed similar patterns for all coatings, with relative peak intensities different from the reference card for hydroxyapatite in the powder diffraction file (ICDD 9-432), Fig. 4 . This collection of peaks is attributed to the preferred orientation in hydroxyapatite coatings, with the c-axis perpendicular to the substrate surface. The diffraction peak at~26 and 53°two theta correspond to the (002) and (004) planes respectively. Closer inspection of these peaks will reveal a doublet, indicative of oxyapatite and hydroxyapatite [18] . This is seen more easily at the higher angle where there is a greater peak separation. The peak to the left is indicative of oxyapatite and the peak to the right represents hydroxyapatite.
Dehydroxylation is more likely to occur with smaller particles that are heated more quickly and raised to higher temperatures during thermal spraying. The amount of oxyapatite (left band, A1) in the three coatings appears to be greatest for the coating produced from the 2 to 40 μm powder, Fig. 3b . This is confirmed by the more intense oxyapatite peak in the X-ray diffraction pattern. 
Indentation hardness
The error in hardness was ± 0.3 GPa for an indentation load of 300 mN, increasing to ±0.5 GPa at a load of 25 mN, Fig. 5 . A similar trend was observed for the coatings except that the magnitude in the error was twice as large. This error could have arisen from the roughness or waviness of the surface, however the same magnitude of error was observed for the polished cross-sections [3] . Consequently this variation can be assigned to the microstructure and confirms the ability to conduct nanoindentation on thermal spray coatings consisting of rounded splats for mechanical property assessment.
Hardness values were noticeably higher in the low-load range (20 to 50 mN) and decreased gradually at higher loads, in agreement with the trend that is normally observed from the indentation size effect.
The critical load appears to be at 150 mN, suggesting that indentations at this load or greater loads will reveal the true hardness. Hardness was 5.8 ± 0.6, 5.4 ± 0.5 and 5.0 ± 0.6 GPa for small, medium and large particle sizes, respectively. These values are higher than those reported from the cross-section. The values from the cross-section are 4.3 ± 0.8 GPa, 4 ± 0.7 GPa and 3.5 ± 0.8 GPa [3] . This is attributed to a number of factors such as (a) a deviation from 90°between the indenter and the surface, (b) an indentation made parallel to the harder c-axis, [19, 20] , (c) the grain size and (d) the degree of dehydroxylation. A faster cooling rate of the smaller droplets are expected to provide a smaller grain size and hence a higher hardness.
The large statistical variation of results does not allow the contributing factors to be isolated for the samples produced in this study.
It is also accepted that residual stresses affects the hardness [21] . The smaller particles will be heated to a higher temperature in the flame and hence the lower fluid viscosity will lead to better spreading, and a larger droplet-substrate contact area. The higher cooling rate will depress the solidification temperature. This will create a smaller quenching stress for the smaller particles. Cooling of the coating assembly with a lower co-efficient of thermal expansion substrate (8.6 × 10 − 6°C− 1 for titanium) compared to the hydroxyapatite coating (16 × 10 − 6°C− 1 ) will superimpose a tensile stress. Consequently, there will always be a tensile residual stress, but smaller droplets that have been heated to higher temperatures will reduce the residual stress contribution. This provides a stimulus to explore the effect from even smaller droplets.
A maximum plastic depth of 1.2 μm was achieved in the low-load range (20 and 50 mN), increasing to 2 μm for the high load range. A splat thickness of about 5 μm suggests that the lowload indentations will assess the mechanical properties within the splat, while larger loads include the inter-splat boundaries.
Indentation modulus
Recent indentation studies on HAp provide elastic modulus values of 122 GPa [7] , 115.5-132.5 GPa [5] , 100-120 GPa [8] and 100 GPa [17] . The range of 114-121 GPa from this study is in agreement with other studies. Hydroxyapatite coatings exhibited values of 114 ± 7, 118 ± 7 and 121 ± 7 GPa for large, medium and small particle sizes, respectively. This same trend is found on the crosssection [3] .
Elastic modulus calculated from nanoindentation on the crosssection provides a higher value within the coating, irrespective of the particle size used for spraying [3] . The coating made from the smallest particle size exhibited the largest difference, with 121 ± 7 GPa measured on the coating surface, but 131 ± 6 GPa measured on the cross-section. Previous measurements on single crystal hydroxyapatite have produced a 4.5% lower elastic modulus parallel to the a-axis [19] . Crystal orientation is thus not responsible for the higher elastic modulus on the cross-section.
The effect of inter-splat boundaries can also be assessed. An indentation load of 150 mN produces an indentation depth of 2 μm. Since the stress field extends well beyond the indentation depth, the effect of inter-splat interface will be felt. The slope of the hardness and reduced modulus line, for coatings made from the medium and large sized powder, are parallel suggesting good bonding at the inter-splat boundary, Fig. 6 . MicroRaman spectroscopy revealed a possible higher oxyapatite content with the smaller particle size, Fig. 3 . Hydroxyl ions are more easily removed from smaller particles due to the higher temperature and the shorter diffusion distance for smaller particles. Dehydroxylation of hydroxyapatite may affect the elastic modulus. Oxygen ions are doubly charged and smaller, and so the higher electronegativity of O 2− compared to OH − will produce stronger bonding and hence provide a higher elastic modulus. The missing hydroxyl ion, however, leads to weaker bonding. A decrease in the elastic modulus may be attributed to the absence of hydroxyl ions, however, further work will need to be conducted to determine the effect of dehydroxylation on mechanical properties.
Conclusions
Nanoindentation at the surface of spread solidified droplets in a hydroxyapatite coatings produced a hardness and elastic moduli comparable to those taken from the cross-section. The error in the measurements on the coatings was identical whether nanoindentation was performed on the polished cross-section or the as-sprayed surface. Hence the property values and their statistical errors confirmed the power of the nanoindentation technique to evaluate the hardness and elastic modulus of a thermal spray coating surface consisting of well molten solidified splats.
All thermally sprayed coatings exhibited lower mechanical properties than sintered hydroxyapatite. Coatings made from smaller particles were more dehydroxylated and exhibited higher values of hardness and elastic modulus. The decrease in elastic modulus may be attributed to the dehydroxylation of hydroxyapatite.
